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ABSTRACT   
There is a continued interest in the terahertz (THz) spectral range due to potential applications in spectroscopy 
and imaging. Real-time imaging in this spectral range has been demonstrated using microbolometer technology with 
external illumination provided by quantum cascade laser based THz sources.  To achieve high sensitivity, it is 
necessary to develop microbolometer pixels using enhanced THz absorbing materials. Metal films with thicknesses 
less than the skin depth for THz frequencies can efficiently absorb THz radiation.  However, both theoretical 
analysis and numerical simulation show that the maximum THz absorption of the metal films is limited to 50%.  
Recent experiments carried out using a series of Cr and Ni films with different thicknesses showed that absorption 
up to the maximum value of 50% can be obtained in a broad range of THz frequencies.  A further increase in 
absorption requires the use of resonant structures.  These metamaterial structures consist of an Al ground plane, a 
SiO2 dielectric layer, and a patterned Al layer.   Nearly 100% absorption at a specific THz frequency is observed, 
which strongly depends on the structural parameters.  In this paper, the progress in the use of thin metal films and 
metamaterial structures as THz absorbers will be described. 
Keywords: Terahertz absorption, nanoscale metal films, metamaterials, imaging 
1. INTRODUCTION 
Due to its unique spectral characteristics, radiation in the 0.3-10 THz spectral range has gained recent popularity 
as a potentially powerful medium for next-generation imaging technology [1-5].  Equipped with a proper 
illuminating source and sensor, THz imaging systems are capable of stand-off imaging of concealed objects and of 
human body tissue—particularly cancerous growths, which can elude x-ray based imaging detection [4,5].  Such 
detection agility is due to the fact that THz wavelengths are short enough to provide sub-millimeter resolution 
capability, however, they are also long enough to penetrate non-metallic materials [6,7].  Additionally, many 
explosive materials absorb strongly in the THz frequency range, suggesting numerous applications in the stand-off 
spectroscopic analysis and identification of concealed explosives [8,9].  Most THz imaging systems are based on 
either antenna-coupled semiconductor detectors or cryogenically-cooled bolometers operating in the scan mode.  
The potential use of uncooled microbolometer infrared cameras for THz imaging was also explored [10-13].  Since 
the 300 K thermal background radiation does not contain appreciable power in THz frequencies for passive imaging, 
an external illumination source typically needed for THz imaging.  Figure 1 shows a THz image of a surgical knife 
embedded in a piece of Styrofoam taken by a microbolometer camera fitted with a Tsurupica based lens instead of 
the standard germanium lens for better transmission of THz.   
   
    
(a)      (b) 
Figure 1.  (a) Styrofoam slab with a surgical knife inside and (b) THz image taken by a microbolometer camera with THz 
optics.  A THz quantum cascade laser (QCL) operating at 3.8 THz was used as the illumination source.   
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A THz quantum cascade laser (QCL) operating at 3.8 THz with an average power of about 1 mW was used as the 
illumination source.  It can be seen that the THz radiation penetrates through the foam reveling the location of the 
hidden knife. 
For enhancing the sensitivity of microbolometer cameras in the THz spectral range, it is important to use high 
THz absorbing thin films for fabrication of the pixels.  The standard microbolometer infrared cameras employ a 0.5 
μm thick silicon nitride (Si3N4) film as the infrared absorbing material with about 80% absorption in 7-13 μm 
infrared range [14].   In order to determine the THz absorption characteristics of Si3N4, absorption of a 1 μm thick 
Si3N4 film as function of THz frequency was measured as shown in Fig. 2.  The data in Fig. 2 indicates that in 1-10 
THz range the Si3N4 film has a poor absorption of less than 5%.  



















Frequency (THz)  
Figure 2.  Measured absorption of a 1 μm Si3N4 film as a function of THz frequency.  The absorption in 1-10 THz is less than 
5% compared to about 80% absorption in 7-13 μm infrared range [14].  
The low absorption of Si3N4 in THz range in Fig. 2 clearly indicates that off-the-shelf microbolometer infrared 
cameras do not provide the optimum sensitivity for THz imaging.  Thus, it is necessary to develop high THz 
absorbing thin films for fabrication of pixels optimized for THz detection.  In this paper, recent progress of the use 
of nanoscale metal films and metamaterial films as high THz absorbers for potential THz sensing will be discussed. 
 
2. THz ABSORPTION IN NANOSCALE METAL FILMS 
It is known that thin metal films deposited on dielectrics provide good THz absorption due to resistive losses in the 
film.  Hadley and Dennison in 1947 predicted that a free standing metal film in air could absorb, at most, 50% of 
incident infrared radiation [15].  This optimum absorption can be achieved for a specific frequency range through an 
appropriate combination of conductivity (σ) of the metal and its thickness (t).  The thickness of the film should be 
less than the skin depth (about 80 nm at THz frequencies) for achieving high absorption which is typically of the 
order of tens of nanometers in THz spectral range.  The analysis of reflection and transmission of a free standing 
metal film (See Fig. 2 (a)) can be done by using appropriate electromagnetic boundary conditions at the interfaces 
[ref].  For a free standing metal film, the absorption (A) is approximately given by [16] 






where c is the speed of light and εo is the permittivity.  Note that the absorption given in equation (1) depends only 
on the product of film conductivity and its thickness, which is the inverse of the sheet resistance of the film.  In 
addition, since conductivity of metal films is nearly constant in this frequency range [17], absorption is nearly 
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independent of THz frequency.  It can be easily shown using Eqn. 1 that the maximum absorption occurs when σt = 
2cεo, giving a value of 50%.  Figure 3 (b) shows calculated transmission, reflection and absorption of a Chromium 
(Cr) film with conductivity of 6.5x105 S/m as a function of the film thickness.  It can be seen in Fig. 2 (b) that for 
thinner films, most of the THz radiation transmits through the film while for thicker films, most of the radiation 
reflects. The maximum absorption of 50% occurs at a film thickness of about 10 nm.  In addition, Fig. 3 (b) shows 
that when the maximum absorption occurs both transmission and reflection coefficients equal 25%. 
  
   (a)      (b) 
Figure 3. (a) Schematics of reflection and transmission of incident electromagnetic wave from a free standing metal film and 
(b) calculated transmission, reflection and absorption spectra as a function of film thickness [16].  
For experimental confirmation of the predictions of the analysis, it is necessary to deposit metal films on a substrate 
which alters the absorption characteristics. The effect of the substrate on transmission, reflection and absorption can 
be analyzed by incorporating it in the analytical model [16].  Figure 4 shows reflection, transmission and absorption 
for a 12 nm Nickel film with conductivity of 2.8x106 S/m for two different configurations: free standing (solid 
straight lines); and on a high resistivity 300 μm thick silicon substrate (σ = 10 S/m and εr = 11.7).  Material 
properties were extracted from [17].  The frequency range was kept small to allow clear visualization of the Fabry-
Perot effect resulting from multiple reflections within the thick substrate.  Note that the absorption from a free 
standing film rides on top of the fringes as shown in Fig. 4(b). 
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    (a)      (b) 
Figure 4.  (a) Calculated transmission, reflection and (b) absorption spectra as a function of THz frequency for a 12 nm Ni film 
(σ = 2.8x106 S/m ) grown on high resistivity Si substrate [16].  The fringes are due to Fabry-Perot effect arising from 
the substrate. 
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A set of metal films (both Cr and Ni) with varying thickness were deposited on Si substrates to determine the 
effects of thickness on the absorption.  Experimental absorption (A) was determined using the measured 
transmission (T) and reflection (R) coefficients and A = 1-T-R.  Figure 5 (a) shows experimental (solid lines) and 
theoretical (dotted lines) absorption spectra for a 3 nm thick Ni film in the 3 to 5 THz range.  The Fabry-Perot effect 
is clearly visible and measurements are in good agreement with the theoretical analysis.  The difference in 
magnitude between theoretical and experimental values is most likely due to the low resolution (1 cm−1 or 30 GHz) 
of the FTIR spectrometer in the THz spectral range of interest making it unable to capture the necessary data points.  
The absorption corresponding to the free standing case was obtained by estimating the location of the top of the 
fringes (blue straight line in Fig. 5 (a)).  Figure 5 (b) shows the measured absorption for Cr and Ni films for a set of 
thickness (solid squares and circles) and theoretical dependence using equation 1 (dotted lines).  It can be seen that 
expected maximum absorption of 50% can be obtained by choosing the appropriate thickness for a given 
conductivity.  Note that for higher conductivity metals (Ni), thinner layer is needed to achieve the maximum 




         (a)       (b) 
Figure 5.  (a) Measured and calculated absorption spectra as a function of THz frequency for a 3 nm thick Ni film  (b) grown on 
Si substrate.  The corresponding free standing values are also indicated by the straight lines.  (b) Measured absorption 
for Ni and Cr films as a function of thickness. 
3. METAMATERIAL FILMS FOR NARROWBAND THz ABSORPTION 
For applications involving external illumination using a narrowband THz source, the absorption can be further increased 
using metamaterial structures designed for resonant absorption of the narrowband THz radiation.   In general, a metamaterial 
structure used in perfect absorbers consists of a periodic array of metallic elements separated by a dielectric layer from a ground 
plane.  Figure 6 (a) and (b) depict schematics of an unit cell of a metamaterial structure designed to absorb 4.0 THz radiation and 
an optical micrograph of the structure fabricated on a Si substrate, respectively [18].  The metamaterial structure is comprised of 
an array of Al squares separated from an Al ground plane by a SiO2 layer as schematically illustrated in Fig. 6 (a).  Each Al layer 
is about 100 nm thick and the thickness of the SiO2 layer is about 1.2 μm.   
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Figure 6.  (a) schematics of one unit cell of the metamaterial and (b) SEM micrograph of the fabricated metamaterial structure 
on Si substrate [18]. 
 
 
The absorption characteristics of the structures were simulated with 3D finite element modeling using COMSOL 
multiphysics software [18].  Due to the periodicity of the metamaterial structures, a unit cell as schematically shown in Fig. 6 (a) 
was used in the simulation.  The transmission is considered to be zero since the ground plane thickness is greater than the skin 
depth of aluminum in this range of frequencies (80 nm for aluminum at 4 THz).  The index of refraction of SiO2 at THz 
frequencies was taken from [17] as 2.0 + 0.025i and conductivity of 1×107 S/m was used for Al.  The metamaterial structure 
was fabricated on a high resistivity Si substrate using standard microfabrication technology [18].  The reflectance 
spectra were measured with FTIR beam incident at 15° from the normal of the absorber arrays. The details of the measurement 
can be found in [18].  Measured absorption spectra of the metamaterial structure is shown in Fig. 7 with the simulated 
absorption using COMSOL finite element modeling.  The data shows a nearly 100% absorption at a the designed 
frequency with a good match with that of the simulation. 
 
Figure 7.   Measured (red curve) and simulated (blue curve) THz absorption of the fabricated metamaterial thin film structure 
[18].  No adjustable parameters were used in the simulation. 
 
The overall results show that relatively simple metamaterial structures can be fabricated using standard MEMS and 
microelectronics materials such as SiO2 and Al and achieve nearly 100% absorption at a targeted frequency.  There were no 
adjustable parameters used in the simulations except the use of actual dimensions and corresponding material parameters. The 
close agreement between the measured and simulated spectra attests to the accuracy of the simulation.   Moreover, the high 
degree of accuracy of the simulation indicates that it is possible to design metamaterial structures tuned to the available QCL 
sources.  Figure 8 (a) shows simulated absorption spectra of a set of metamaterials designed to absorb in 3-6 THz range.  The 
sizes of the squares were adjusted to tune the peak absorption frequency.   The data in Fig. 8 (b) indicates that smaller the square 
size, the higher the resonant frequency.  This is expected since the smaller area reduces the unit cell capacitance resulting in 
increase of the resonance frequency ( LC1= ) [19].   
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Figure 8.   (a) Simulated absorption spectra for a set of metamaterials with different square dimensions and (b) dependence of 
peak (resonant) frequency with square size. 
 
 
Finally, a metamaterial structure was designed and fabricated to pair with a 3.8 THz QCL source available to us 
[20].  The structure consists of an array of Al squares (16.5 μm) with periodicity of 20 μm separated from an Al 
ground plane by a SiO2 layer.  The Al and SiO2 layers are about 100 nm and 1.2 μm thick, respectively. An optical 
micrograph of the fabricated metamaterial is shown in the inset of Fig. 9.  The measured absorption spectrum of the 
fabricated metamaterial is shown in Fig. 9 (blue curve) along with the QCL source emission characteristics (red 
curve).  Note that the laser frequency matches well with the maximum absorption of the metamaterial structure. 

































Figure 9.   Measured absorption spectrum (blue curve) of the metamaterial structure tuned to QCL frequency. Note that the peak absorption 
matches well with the measured QCL emission frequency (red curve).  The inset shows the micrograph of the fabricated 
metamaterial structure. 
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In summary, we have demonstrated high THz absorbing nanoscale metal films for achieving high 
sensitivity in microbolometer sensors operating in the 1-10 THz spectral range.  Absorption as high as 
50% was obtained by tuning the thickness of the metal film.  A good agreement between the 
measurements and simulations shows that a rather simplified model can be used for designing high THz 
absorbing thin film structures.  For further enhancing the absorption at a targeted THz frequency, 
metamaterial structures were designed and fabricated.  Measured absorption characteristics showed 
relatively narrow absorption with peak absorption close to 100%.  In addition, tunability of the peak 
frequency was demonstrated by fabricating a metamaterial structure tuned to a THz-QCL operating at 3.8 
THz.  Integration of these high absorbing thin films with microbolometer pixels enables the fabrication of 
sensors highly sensitive to THz frequencies.    
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